) has indicated that evolution of dUTPase in the class of herpesviruses that infect mammals and birds involved capture of a host gene followed by a duplication event that resulted in a coding region comprising two fused dUTPase domains. Some of the conserved residues required for enzyme activity were then lost, resulting in a dUTPase containing a single active site with different elements contributed by each half of the protein. Further conserved residues were lost in one subfamily (the Betaherpesvirinae), yielding a protein that is related to herpesvirus dUTPases but has a different and as yet unrecognized function. Evidence from sequence similarities and structural predictions now indicates that several additional genes were derived from the herpesvirus dUTPase gene, probably by duplication. These are UL31, UL82, UL83, and UL84 in human cytomegalovirus (and counterparts in other members of the Betaherpesvirinae) and ORF10 and ORF11 in human herpesvirus 8 (and counterparts in other members of the Gammaherpesvirinae). The findings clarify the evolutionary history of these genes and provide novel insights for structural and functional studies.
One means of generating proteins with new functions that has been used widely in evolution is that of gene duplication (70) . This strategy allows the original function to be retained by one of the gene copies while permitting the development of a distinct function in the other. The occurrence of families of related genes indicates that gene duplication has also played a prominent role in the evolution of large DNA viruses (81) . Repeated duplication has often resulted in families consisting of tandem head-to-tail gene arrays, but related genes may also be spread throughout the genome, presumably as a result of relocation during or after duplication. Moreover, viral gene families may be similar to host genes, suggesting that the parental gene was derived originally by capture from the cellular repertoire (20, 81) .
The gene encoding 2Ј-deoxyuridine 5Ј-triphosphate pyrophosphatase (dUTPase; EC 3.6.1.23) is ubiquitous in all classes of organisms and has been incorporated into nonprimate lentiviruses and many families of large DNA viruses (5, 52, 54) . This enzyme catalyzes the hydrolysis of dUTP and, in addition to supplying dUMP for synthesis of TMP by thymidylate synthase, reduces the dUTP pool and thus minimizes misincorporation of uracil residues into newly synthesized DNA. The dUTPases of Escherichia coli and Homo sapiens are identical in only 31% of their residues but exhibit similar crystallographic structures (12, 30, 61) . Figure 1a shows the amino acid sequence of the human protein and highlights regions of secondary structure and the five conserved sequence motifs identified by McGeoch (54). Mol et al. (61) described the domain fold of the human dUTPase monomer as a distorted eight-stranded ␤-barrel consisting of a six-stranded antiparallel ␤-barrel formed from ␤2, ␤7, ␤4, ␤5, ␤6, and ␤3, supplemented by the parallel strands ␤1 and ␤8Ј, the latter contributed by an adjacent subunit (Fig. 1b) . This structure is capped by a conical arrangement of five antiparallel ␤-strands extending from the barrel (␤2b, ␤6b, ␤5, ␤6, and ␤3), plus an ␣-helix (␣1). The active enzyme is a trimer, each catalytic site involving residues from all three subunits ( Fig. 1c and d) . Thus, residues from one subunit primarily recognize uracil and deoxyribose (motif 3), residues from a second subunit recognize the phosphate groups (motifs 2 and 4), and residues from the C-terminal region of a third subunit close the substrate-binding pocket (motif 5). Specificity for deoxyuridine is provided by hydrogen bonding with the ␤5-␤6 hairpin and the exclusion of ribose by a tyrosine residue in the ␤5-␤6 turn.
Members of the family Herpesviridae fall into three very widely divergent phylogenetic classes: those infecting mammals, birds, or reptiles (henceforth called the mammalian herpesvirus class), those infecting fish or amphibians (henceforth called the fish herpesvirus class), and a single known virus infecting bivalves (20) . Each class possesses a dUTPase gene that appears to have been captured from the host, perhaps on independent occasions. In the fish herpesvirus class, the dUTPases are similar in size to the cellular protein, have the same arrangement of motifs, and presumably are equivalent structurally and functionally to the cellular enzyme (18, 19) . The bivalve virus also has a dUTPase that is similar to the cellular enzyme and in addition possesses two related genes of roughly the same size, which are located in other regions of the genome and are likely to have arisen by duplication. These lack active-site residues and probably fulfill other functions (21) .
The mammalian herpesvirus class is divided into three phylogenetically distinct subfamilies, the Alpha-, Beta-, and Gammaherpesvirinae. In these viruses, the dUTPases are related to the cellular enzyme but are structurally distinct as the result of an unusual evolutionary history. The most intensively studied mammalian herpesvirus, herpes simplex virus type 1 (HSV-1), belongs to the Alphaherpesvirinae and has long been known to induce a novel dUTPase activity in infected cells (11) . The dUTPase genes of other members of the Alphaherpesvirinae and also of the Gammaherpesvirinae have been shown to specify active enzymes (27, 45, 69, 83) . The dUTPases of HSV-1 and murid herpesvirus 4 (MuHV-4; a member of the Gammaherpesvirinae) are not required for growth of the virus in cell culture but provide advantages in vivo (25, 71, 84) .
In a comparative study, McGeoch (54) observed that the dUTPases of two members of the Alphaherpesvirinae (HSV-1 and varicella-zoster virus) and one member of the Gammaherpesvirinae (Epstein-Barr virus) are about twice the length of their cellular counterparts. Moreover, the conserved regions are arranged differently, with motifs 1, 2, 4, and 5 present in their usual order in the C-terminal half of the protein, and motif 3 in the N-terminal half (compare Fig. 2a and b) . These observations prompted the conclusion that the dUTPase gene in an ancestral herpesvirus had been duplicated internally, giving rise initially to a protein containing two complete sets of motifs. Motifs 1, 2, 4, and 5 had then been lost from the N-terminal half and motif 3 from the C-terminal half. The herpesvirus enzyme was therefore envisaged as a monomer, as detected previously (10) , with elements of the single active site contributed by each half of the protein. These insights into the contributions made to the active site by the conserved regions turned out to be entirely consistent with those defined subsequently in the trimeric cellular dUTPases.
Aided by the structure of Escherichia coli dUTPase (12) and additional sequence data, McGeehan et al. (53) concluded from secondary-structure predictions that the ␤-strand arrangement is conserved in both halves of dUTPases from the Alpha-and Gammaherpesvirinae. This supported a molecular model comprising two structurally similar domains, in which motif 3 from the N-terminal domain is juxtaposed to motifs 1, 2, and 4 from the C-terminal domain, with motif 5 from the C terminus positioned at the active site by virtue of an extended region connecting it to the rest of the protein (Fig. 2c) . The conserved region that occupies the position of motif 3 in the C-terminal domain has been termed motif 6, and it is possible Regions of ␤-strand and ␣-helix identified by Mol et al. (61) are underlined in blue and red, respectively. Conserved dUTPase motifs are shown in yellow (53, 54) . Residues that interact with the substrate at the active site (AS) are indicated, those in black contributed by the molecule shown and those in red and green by the other two subunits in the trimer. The tyrosine (Y) and phenylalanine (F) residues that interact hydrophobically with the deoxyribose and uracil moieties are distinguished (⌬) from those that form hydrogen bonds (•). The location of motif 6, which replaces the C-terminal copy of motif 3, was not predicted. The two domains of the protein may be conceptualized as corresponding to the upper and rightmost monomers of the human dUTPase in Fig. 1c .
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In contrast to the Alpha-and Gammaherpesvirinae, the dUTPase orthologs in the Betaherpesvirinae were found to lack motifs 1 to 5 but to have retained motif 6. This prompted the idea that these proteins may no longer function as dUTPases, but instead have other roles, perhaps requiring motif 6 (53, 55) . This has recently found experimental support from the observation that the human cytomegalovirus (HCMV) protein lacks dUTPase activity (9) . Like active dUTPases in the Alpha-and Gammaherpesvirinae, this protein is not required for growth in cell culture, and its function remains unknown (9, 24, 94) .
Alternative functions thus appear to have been generated from the herpesvirus dUTPase in both the bivalve virus (involving gene duplications that permitted retention of the original function and the development of new ones) and in the subfamily Betaherpesvirinae of the mammalian herpesvirus class (involving replacement of the original function by a new one). We reasoned that additional herpesvirus functions could have been derived from dUTPase via gene duplication, but that these might be hidden by extensive divergence. Indeed, we were provoked by McGeehan et al.'s (53) mentioning marginal relationships between dUTPase and the proteins encoded by ORF10 and ORF11 in the Gammaherpesvirinae, although these authors assessed the significance as dubious and took the analysis no further. Having completed a comprehensive analysis of the mammalian herpesvirus class, for which sequence data are abundant, we conclude that several genes in the Betaand Gammaherpesvirinae were indeed derived from the herpesvirus dUTPase. Our findings clarify the evolutionary history of these genes and provide novel leads for structural studies.
MATERIALS AND METHODS
Sources of sequence data. Sequences were derived from public databases or by personal communication, as detailed in Fig. 4 . The tools available at http://www .ncbi.nlm.nih.gov and http://www.ebi.uniprot.org/uniprot-srv/uniProtPower Search.do were utilized for this purpose.
Computer programs. Searches for amino acid sequence similarity using BLASTP (3) and PSI-BLAST (2) were carried out with default parameters at http://www.ncbi.nlm.nih.gov. Amino acid sequences were aligned using CLUSTAL W (86) implemented locally, and in some instances the alignments were adjusted manually. Alignments were displayed using CHROMA (31) with default parameters. Secondary structures were predicted from amino acid sequences using PROFsec (74, 75; http://www.predictprotein.org), which provides a facility for processing precomputed alignments. SUPERFAMILY 1.65 was utilized for protein threading (33, 51; http://supfam.mrc-lmb.cam.ac.uk /SUPERFAMILY). This program relies on the SCOP database of all known protein folds (4; http://scop.mrc-lmb.cam.ac.uk/scop). PROFsec and SUPER-FAMILY were used on-line with default parameters. Neighbor-joining phylogenetic trees were constructed using MEGA (46; http://www.megasoftware.net) with the PAM (Dayhoff) matrix model, removing gapped regions and assuming uniform substitution rates among sites. Bootstrap values were calculated from 100 replicates.
Gene nomenclature. Gene nomenclature varies from one herpesvirus to another, and as a result orthologous relationships are frequently not obvious. For clarity, HSV-1, HCMV, and human herpesvirus 8 (HHV-8) names were applied throughout for orthologs in the Alpha-, Beta-, and Gammaherpesvirinae, respectively, with alternative names given only in particular instances. Virus-specific names may be obtained via the accession numbers listed in Fig. 4 .
The nomenclature problem is compounded for a family of tandemly arranged, related genes (UL82, UL83, and UL84) located in the middle of the HCMV genome and their counterparts in other members of the Betaherpesvirinae (14, 17) . Depending on the virus, the number of genes in this family ranges from two to four, and the evolutionary history of the more distantly related members relative to one another is difficult to determine with confidence from phylogenetic analysis (see Table 1 and the Discussion). This confounds application of a common nomenclature that accurately represents orthology. In this study, the leftmost gene in the family was denoted as UL82 for every virus and the rightmost as UL84 where it is clearly orthologous to HCMV UL84. Any other genes were denoted UL83 (where there is a single gene) or UL83A and UL83B (where there are two genes).
RESULTS AND DISCUSSION
Pairwise-based sequence comparisons. Pairwise BLASTP and PSI-BLAST searches were conducted using various herpesvirus dUTPases as probes and the GenBank nonredundant set of viral proteins as the data set. Reciprocal searches were then carried out using proteins that emerged as potentially related to dUTPase. These investigations showed that dUTPases in the Alpha-and Gammaherpesvirinae (encoded by UL50 and ORF54, respectively) are related to the orthologous UL72 protein of the Betaherpesvirinae within a domain of approximately 100 amino acid residues in the C-terminal half of each protein. In addition, more distant relationships were revealed in the same domain to the proteins encoded by HCMV UL31, UL82, UL83, and UL84 (and their orthologs in other members of the Betaherpesvirinae) and HHV-8 ORF10 and Fig. 4 . b Gene names used are given at the top of the columns, with published names below. The genes are located adjacent in the genome and oriented leftward (see Fig. 3 ) and are all ultimately related to each other via the DURD. Areas of shading bounded by lines connect genes that exhibit closer relationships to each other (see Fig. 6 ).
ORF11 (and their orthologs in other members of the Gammaherpesvirinae).
The locations of these genes in the respective genomes are illustrated in Fig. 3 . The conserved dUTPaserelated domain (DURD) corresponds closely to the region identified previously as the most highly conserved between UL82, UL83, and UL84, although the relationship of these genes to dUTPases was not recognized at the time (17) .
Further PSI-BLAST searches were then conducted using representative DURDs in order to detect all dUTPase-related proteins (DURPs) encoded by the mammalian herpesvirus class. A comprehensive alignment of the DURD in these proteins is shown in Fig. 4 . The DURD corresponds to approximately 100 residues containing herpesvirus dUTPase motifs 1, 2, 6, and 4. Conservation of motif 6, with its characteristic tryptophan residue, rather than the positionally equivalent motif 3 of nonherpesvirus dUTPases, with its tyrosine residue, indicates that the DURD was propagated from the herpesvirus dUTPase rather than from an external source. In every case, the DURD is located in the C-terminal half of DURPs (Fig. 5,  green blocks) .
Secondary structure analysis. Secondary structure predictions were carried out for the various groups of DURDs in order to assess their similarity to human dUTPase. All sequences in each group were analyzed precisely as aligned in Fig. 4 , with the BLAST facility in PROFsec disabled so that no other sequences were incorporated. The results (Fig. 4 , blue blocks) show that the predicted secondary structure of the DURD is conserved among the groups of DURPs and is strikingly similar to that of human dUTPase. The reliability of the predictions is indicated by the close correspondence of the known human dUTPase structure with the prediction (obtained by alignment with other dUTPase sequences detected using BLAST as implemented in PROFsec). ␤-strands corresponding to ␤2 to ␤7 were predicted for each herpesvirus group, except for ␤5a and ␤5b in the UL82/UL83/UL84 group and ␤5b in the UL50/ORF54 and "all herpes" groups. No ␣-helix was predicted for any of the proteins, including human dUTPase. Taking into account the limitations of secondary structure prediction, each DURP is anticipated to contain in its C-terminal half the six-stranded antiparallel ␤-barrel characteristic of dUTPases.
To investigate the status of ␤1 and ␤8, which contribute to the eight-stranded ␤-barrel in cellular dUTPases and are located partly or wholly outside the DURD, secondary structures were predicted for entire proteins (Fig. 5 , blue and red blocks). In contrast to predictions for the DURDs, which were based on the alignments exactly as shown in Fig. 4 , other regions of the proteins are generally too divergent to permit the construction of robust alignments incorporating all members of a particular group. Consequently, predictions were carried out by allowing alignments to be generated within PROFsec and using a cutoff facility to remove proteins (in part or in entirety) that are either too closely or too distantly related to the probe sequence. This ensured that predictions were based on sound representative alignments, but had the disadvantage that they were restricted to a subset of sequences in any protein group, and to different numbers of sequences in different parts of the protein. The reliability of the predictions therefore varied from protein to protein, and from one part of a protein to another. The results (Fig. 5) indicated that the N-terminal part of each protein is rich in ␤-strand, but were not revealing about the presence of ␤1 and ␤8. The most that could be inferred was that a ␤-strand in each protein is positioned close to the Nterminal end of the DURD and may correspond to ␤1. More equivocally, each protein contains one or more ␤-strands be- tween the DURD and the C terminus that may correspond to ␤8.
McGeehan et al. (53) noted from secondary structure predictions that an arrangement of ␤-strands similar to that in the C-terminal half of herpesvirus dUTPases of the Alpha-and Gammaherpesvirinae is present in the N-terminal half, implying the presence of two ␤-barrels in the protein. However, the N-terminal portions of herpesvirus dUTPases are more divergent than the C-terminal portions, and any N-terminal ␤-barrel is not obvious from amino acid sequence comparisons with the C-terminal one. Nonetheless, the likelihood that dUTPases contain two DURDs raises the question of whether the same applies to other DURPs.
Profile-based sequence comparisons. Protein threading programs, which attempt to fit query sequences to models derived from known protein structures, are showing increasing promise as a way of identifying folds in such sequences, even in the absence of detectable sequence conservation. SUPERFAMILY is a threading program that offers a number of advantages. It searches a comprehensive collection of protein structures, identifies multiple folds within the same protein, and distinguishes between significant and marginal predictions among the output scores. Having analyzed a wide range of herpesvirus proteins using SUPERFAMILY, our evaluation was that this program is sufficiently conservative to inspire a substantial degree of confidence.
Nevertheless, given that it can be difficult to discriminate between meaningful and spurious findings among the output from threading programs, our analysis was undertaken cautiously, with the aim of confirming the case for a ␤-barrel in the C-terminal part of DURPs and of examining the N-terminal part for the presence of a second ␤-barrel. The full-length versions of all the DURPs represented in Fig. 4 were submitted to SUPERFAMILY, and the presence of dUTPase-like domains (␤-barrels) was recorded ( Table 2 and Fig. 5 , orange blocks). As expected, a ␤-barrel was scored in the C-terminal part of every dUTPase (UL50 and ORF54) from the Alphaand Gammaherpesvirinae, and in the C-terminal part of every UL72 protein from the Betaherpesvirinae. Confident predictions of a domain in the N-terminal part were made for most dUTPases, and marginal predictions for the others, supporting the conclusion of McGeehan et al. (53) from secondary-structure predictions that herpesvirus dUTPases consist of two similar domains.
SUPERFAMILY also predicted that the N-terminal part of most UL72 proteins contains a ␤-barrel. Similarly, the C-terminal part of most other DURPs (UL82, UL83, UL84, and UL31 in the Betaherpesvirinae and ORF10 and ORF11 in the Gammaherpesvirinae) was predicted to contain a ␤-barrel. However, the situation with the N-terminal parts of these proteins was much less clear, as only a minority were predicted to contain a ␤-barrel. Unusually, predictions were made with greater confidence for the N-terminal part of the UL82 proteins of human herpesvirus 6 (HHV-6) and human herpesvirus 7 (HHV-7) than for the C-terminal part.
Bearing in mind the limitations of threading programs, we predict that the C-terminal part of DURPs contains a ␤-barrel, and that the N-terminal part of herpesvirus dUTPases and their UL72 orthologs in the Betaherpesvirinae contains a second ␤-barrel. Overall, the C-terminal ␤-barrel is better conserved than the N-terminal one, indicating that the latter is more responsive to evolutionary pressures. There are indications that a ␤-barrel is also present in the N-terminal part of some other DURPs (from Table 2 , specifically UL82, UL83B, ORF10, and ORF11).
An analysis of HCMV proteins was performed previously by Novotny et al. using the threading program ProCeryon (66) . These authors listed the UL82, UL84, and UL31 proteins as containing ␤-barrel domains, although the coordinates given for the latter two assignments are C-terminal to the DURD, and the UL82 prediction was considered marginal. The UL84 prediction included the sequence of the DURD and was listed as being of medium confidence. In none of these cases was a dUTPase fold described as being the best match to the HCMV protein.
Evolution of DURPs. Our identification of DURPs depends only upon sequence and structure relationships and is independent of phylogenetic analysis. Indeed, phylogenetic analysis of the DURD sequences was not particularly robust since their modest length and wide divergence resulted in substantial sensitivity to the parameters used and generally low bootstrap support. The example tree shown in Fig. 6 groups positionally equivalent genes together. However, in the deeper branches only the bootstrap values that establish the UL72 (79 of 100), sequence, yellow indicates conserved dUTPase motifs 1, 2, 3, and 4. Motif 3 is absent from this part of herpesvirus dUTPases, being replaced by motif 6, as shown in yellow above the herpesvirus dUTPases. The blue blocks show structural predictions for ␤-strands in the DURD groups generated using PROFsec. No predictions arose for an ␣-helix. The remainder of the illustration shows an alignment of the DURD in herpesvirus dUTPases and related proteins, divided into orthologous groups by horizontal lines. With some exceptions, abbreviations of virus names follow the International Committee of Taxonomy on Viruses (60), consisting of the host taxon followed by HV (herpesvirus), a hyphen, and a number. Abbreviations for the host taxa are as follows: H, human; Ce, cercopithecine; Bo, bovine; E, equine; Su, suid; Ga, gallid; Me, meleagrid; Ps, psitticid; Cal, callitrichine; Sa, saimiriine; At, ateline; Mu, murid; Al, alcelphine; Ov, ovine; and Tu, tupaiid. Exceptions were made for viruses that have been classified formally but whose informal nomenclature is used widely: HSV-1 (herpes simplex virus type 1; formally HHV-1), HSV-2 (herpes simplex virus type 2; HHV-2), VZV (varicella-zoster virus; HHV-3), HCMV (human cytomegalovirus; HHV-5), CCMV (chimpanzee cytomegalovirus; PoHV-4), SCMV (simian cytomegalovirus; CeHV-5), RhCMV (rhesus cytomegalovirus; CeHV-8), MCMV (murine cytomegalovirus; MuHV-1), RCMV (rat cytomegalovirus; MuHV-2), GPCMV (guinea pig cytomegalovirus; CavHV-2), and EBV (Epstein-Barr virus; HHV-4). Exceptions were also made for unclassified viruses: BCMV (baboon cytomegalovirus) and PLHV (porcine lymphotropic herpesvirus). The number 34 in the CCMV UL84 sequence denotes the position of 34 contiguous residues that are not shown. Accession numbers for amino acid sequences are given on the right, with numbers for DNA sequences in square brackets where amino acid sequences were not available directly. The list also includes the names of three colleagues who provided unpublished data. The consensus at the foot indicates the following conserved residues as defined by CHROMA: h (hydrophobic) residues A, C, F, G, H, I, L, M, T, V, W, and Y; b (big) residues E, F, H, I, K, L, M, Q, R, W, and Y; p (polar) residues C, D, E, H, K, N, Q, R, S, and T; s (small) residues A, C, D, G, N, P, S, T, and V; t (tiny) residues A, G, and S; and l (aliphatic) residues I, L, and V.
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FIG. 5.
Locations of DURDs and regions of predicted secondary structure in selected DURPs. Each protein is depicted as a bar with the N terminus on the left and the C terminus on the right, aligned at the start of the DURD (Fig. 4) , which is green. dUTPase-like domains (␤-barrels) predicted by SUPERFAMILY with high confidence are dark orange, and those predicted with marginal confidence are light orange. Regions predicted by PROFsec as ␤-strands are blue, and those predicted as ␣-helixes are red. The known secondary structure is also shown for human dUTPase. Conserved motifs 1 to 6 are indicated.
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at Penn State Univ on February 7, 2008 jvi.asm.org UL31 (78 of 100) and ORF11 groups (81 of 100) might be considered convincing. Other inferences from this particular tree, such as the UL84 group seeming more closely related to the UL31 group than to UL82/UL83 proteins, are poorly supported (29 of 100). Members of the UL82/UL83/UL84 family of the Betaherpesvirinae grouped generally with each other, consistent with the proposition that they have arisen by duplications of an ancestral gene encoding the "matrix protein ancestor" (17) .
Nonphylogenetic considerations also contribute to understanding the evolution of the DURPs. The substantial evidence for a DURD in the C-terminal part and the weaker evidence for a second DURD in the N-terminal part (Fig. 5 and Table  2 ) suggests that DURPs arose as a result of whole-gene duplication events rather than transfer of the domain to existing genes. However, it is difficult to determine the order of events involved. Given their tandem arrangement, one possibility is that ORF10 and ORF11 may have arisen from local duplica- 
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at Penn State Univ on February 7, 2008 jvi.asm.org tion of an ancestral gene derived earlier from the active dUTPase gene (ORF54) in the Gammaherpesvirinae. In contrast, the ancestor of the UL31, UL82, UL83, and UL84 proteins of the Betaherpesvirinae may already have lost dUTPase function by making the transition to UL72. Perhaps more likely, however, is that duplication and loss of function prior to divergence of the Beta-and Gammaherpesvirinae gave rise to a common ancestor of ORF10, ORF11, UL31, UL82, UL83, and UL84. This is supported by the observation that the ORF10/ORF11 and UL82/UL83/UL84 families are positionally equivalent with respect to the gene encoding the protease (ORF17 and UL80, respectively; denoted PR in Fig. 3, shaded green) . The protease gene is conserved in the Alpha-, Beta-, and Gammaherpesvirinae and is located near the end of block IV, one of the blocks of genes that are arranged differently in the three subfamilies (60) . The protease gene is adjacent to UL82 in the Betaherpesvirinae and separated from ORF11 in the Gammaherpesvirinae by a variable number of recently captured cellular genes; this number happens to be rather large in HHV-8 but is only one or two in many members of the Gammaherpesvirinae. UL31 of the Betaherpesvirinae probably represents an additional relocated copy derived from the matrix protein ancestor gene.
Roles of the DURD. The above analyses indicate the existence of an extensive family of herpesvirus proteins that have arisen from an ancestral viral dUTPase and comprises several distinct sets of orthologous proteins retaining a common structural domain. How might this be reflected in the functions of these proteins?
The presence of the DURD could reflect the original biochemical function or the fact that it provides an amenable architectural element. In contrast to the functional dUTPases encoded by the Alpha-and Gammaherpesvirinae, none of the other DURPs retains the residues required for dUTPase activity. Nevertheless, parts of the protein fold involved in sugar and phosphate binding are predicted to be present, and it is possible that all these proteins exploit such a property. The dUTPase superfamily is one of several superfamilies that share a structure consisting of six ␤-strands termed the ␤-clip fold (38) . This fold is thought to have been derived by duplication of a three-strand unit and includes the dUTPase ␤-barrel containing ␤2 to ␤7. Many ␤-clip proteins are involved in binding to carbohydrate residues (38, 54) , and in dUTPases this activity centers on motif 3, containing ␤5 and ␤6. However, despite these observations, no evidence has been reported for other DURPs binding to carbohydrates.
Herpesvirus-specific motif 6 occupies the position of motif 3 in the cellular dUTPase monomer and is retained not only in the UL72 proteins of the Betaherpesvirinae, which are orthologs of the functional dUTPases, but throughout the whole family of DURPs (Fig. 4) . This motif contains the most highly conserved residue in the DURD (a tryptophan in the ␤5-␤6 loop). Inspection of the human dUTPase structure (Fig. 1) indicates that motif 6 is likely to be located on the opposite face of the molecule from the dUTP-binding site. Any function conferred by this motif has not been identified, and detailed site-directed mutagenesis may prove informative.
The structure of the human enzyme shows that the two complementary faces in a DURD could facilitate intermolecular interactions. Thus, DURDs may enable proteins to assem- ble into dimers or larger structures. In this regard, it is interesting that several DURPs are incorporated into the tegument (the layer of the virus particle between the capsid and envelope), some in relatively large quantities. Furthermore, DURPs might have evolved to enable interactions with other proteins. Unfortunately, the area of research is insufficiently developed to indicate whether DURDs are important for any of the interactions of DURPs documented to date (16, 35, 41, 78, 85) .
An interesting parallel to the herpesvirus DURPs is available among the adenoviruses. Human adenovirus E4 ORF1 encodes a catalytically inactive derivative of the cellular dUTPase monomer, whose ancestor was presumably acquired from the cell (22, 38, 89) . Indeed, in various nonhuman adenoviruses this protein has retained the catalytic motifs of an active enzyme. Figure 7 shows that the full-length human adenovirus E4 ORF1 protein corresponds to a C-terminally truncated dUTPase monomer, with all eight ␤-strands contributing to a predicted ␤-barrel. It appears that the functions of the E4 ORF1 protein in transformation (26, 47) must be attributed directly to the DURD, since the protein contains little or nothing by way of additional elements. These observations point to some general utility of the dUTPase ␤-barrel (as a specific type of ␤-clip fold) that has proved valuable during evolution of herpesviruses and adenoviruses.
The finding that herpesvirus DURPs exhibit a well-characterized protein fold contributes insights relevant to their study. For example, Hofmann et al. (35) identified a motif in the HCMV UL82 protein (residues 324 to 331) that is similar to a sequence known to be important in other proteins for interaction with the human Daxx protein (hDaxx). Although deletion of the 8-residue sequence abolished interaction of UL82 with hDaxx, substitutions within it had no effect. The authors speculated that the deletion might have had a major effect on the three dimensional structure of the protein. Our analysis indicates that this is likely to be the case, since the region deleted corresponds closely to ␤5. Similarly, it was observed that mutants with C-terminal truncations to residue 508 of HCMV UL84 retained the ability to localize to the nucleus, whereas those truncated at residue 488 remained cytoplasmic (48) , even though the intervening sequence is not part of a functional nuclear localization signal (48, 91) . Again, it seems probable that removal of these 20 residues, which correspond to ␤6b and ␤7, would result in major structural changes to the protein.
Functions of DURPs.
To date, only a small number of DURPs have been studied in any detail, and it is already apparent that they perform various functions. It is important to emphasize that DURPs exhibit a high degree of divergence, and it is probable that certain protein functions are not conserved even between orthologous proteins, as is the situation with the UL50 and ORF54 dUTPases in the Alpha-and Gammaherpesvirinae in comparison with their UL72 orthologs in the Betaherpesvirinae. Thus, functions inferred from sequence comparisons must be viewed with caution. Moreover, it should be appreciated that the DURD is relatively small, and even the presence of two copies would account in most instances for only a minority of the DURP (Fig. 5) . Key aspects of function are therefore probably specified by other regions, which may have evolved by independent gene expansion events, including the acquisition of other protein domains by recombination. Thus, DURPs may perform a wide range of unrelated roles while retaining a common function provided by the DURD.
HCMV UL82 encodes the tegument phosphoprotein pp71. This protein functions as a transcriptional transactivator and is essential for virus growth at low multiplicity of infection in cell culture (7, 37, 49, 76) . Similar properties have been reported for the guinea pig cytomegalovirus (GPCMV) UL82 protein (57) . HCMV pp71 interacts with cellular proteins hDaxx and Rb and induces cell cycle progression (35, 40, 42 ). An interaction with another tegument protein, ppUL35, has been reported, and appears to be important for activation of the major immediate early promoter (78) .
The HCMV UL83 protein is also a phosphorylated tegument protein (pp65) and the major constituent of virions and noninfectious dense bodies (76, 88) . In contrast to pp71, pp65 is not essential for growth in cell culture (80) . Similar properties have been reported for the UL83 proteins of GPCMV and murine cytomegalovirus (MCMV) (43, 57, 63, 79) . HCMV pp65 dampens the interferon response to infection, but conflicting mechanisms for this effect on the host have been presented (1, 8) . It also represents an immunodominant target for host cytotoxic T-cell responses (58, 90) . In contrast, the corresponding MCMV M83 protein is not a dominant factor in the T-cell response (64) , but M83-specific T cells may nevertheless be important in resolving acute infection (36) .
The HCMV UL84 protein has been reported to be present in virions, but appears to be a minor constituent (88) . However, it is essential for growth in cell culture (24, 92, 94) . The   FIG. 7 . Characterization of the DURD in human adenovirus E4 ORF1 proteins. The primary sequence of human dUTPase minus 19 N-terminal residues is shown at the top, with regions of known ␤-strand and ␣-helix underlined in blue and red, respectively. Conserved dUTPase motifs are shown in yellow. Residues that interact with the substrate at the active site (AS) are indicated as in Fig. 1a . The complete sequences of human adenovirus E4 ORF1 proteins are shown below the data for human dUTPase. Accession numbers are shown on the right for species human adenovirus (HAdV)-A (serotype HAdV-12), HAdV-B (HAdV-11), HAdV-C (HAdV-2), HAdV-D (HAdV-9), and HAdV-E (HAdV-4). There is another human adenovirus species (HAdV-F), but it lacks E4 ORF1. Residues that are conserved between at least three of the adenovirus proteins and human dUTPase are red. Regions of predicted ␤-strand are highlighted in blue above the adenovirus sequences. No predictions arose for ␣-helixes.
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at Penn State Univ on February 7, 2008 jvi.asm.org protein is capable of self-oligomerization, and interacts with and modulates the activity of the transcriptional transactivator IE2 (16, 28, 85) . Transient DNA replication assays and characterization of a null mutant virus have indicated that the UL84 protein probably performs an essential role during initiation of HCMV DNA synthesis (67, 77, 92, 93) . Surprisingly, however, the protein was found to be dispensable for HCMV origin-dependent DNA synthesis when the HSV-1 DNA replication fork proteins were employed in a transient assay (72) . Colletti et al. recently reported that HCMV UL84 encodes a nucleoside triphosphatase (NTPase) activity with a preference for UTP as the substrate (15) . It should be emphasized that UTPase activity (which converts UTP to UDP plus phosphate) is enzymatically unrelated to that of dUTPase (which converts dUTP to dUMP plus pyrophosphate). These authors also noted the presence of several sequence motifs within the UL84 protein and suggested it belongs to the DExD/H box family, many members of which are known to be NTP-utilizing helicases (32, 34, 82, 87) . Although matches were found for DExD/H box motifs I, Ia, II, IV, and V, there appeared to be no identifiable counterparts of the two other conserved motifs, III and VI (15) . The spacing of the identified motifs was also atypical for DExD/H box proteins, with motifs I and Ia separated by an unusually large distance and motifs II and IV by only 6 residues. In addition, our amino acid sequence alignment for HCMV UL84 and the homologous proteins of other primate cytomegaloviruses revealed that proposed motifs I and II were not conserved, but rather were located in regions of the HCMV protein characterized by significant insertions or deletions in the homologous proteins (data not shown). Interestingly, the suggested matches to motifs Ia, II, and part of motif IV were located within the region of the UL84 protein corresponding to the DURD.
The structures of several DExD/H box proteins are known and the regions containing the conserved motifs exhibit a high degree of conservation in their folding pattern, which is quite distinct from that of the DURD (73, 34, 87) . When authentic DExD/H box proteins were submitted to SUPERFAMILY, they were identified as containing the P-loop nucleoside triphosphate hydrolase fold in the region corresponding to motifs I, Ia, II, and III, whereas this fold was not predicted for HCMV UL84 (data not shown). Taken together, these observations raise serious doubt as to whether the HCMV UL84 protein is a member of the DExD/H box family and suggest that site-directed mutagenesis experiments should be performed to confirm the assignment of a UTPase activity to this protein.
MCMV M84 has sometimes been viewed as the homolog of HCMV UL84. However, M84 is distantly related to UL84 (17) , and, indeed, is more closely related in the DURD to the UL82/UL83 proteins (Fig. 6) . The properties of the M84 and UL84 proteins are also distinctly different. The M84 protein is not essential for replication in cell culture (63) and is therefore unlikely to play a key role in DNA synthesis. Rather, it appears to function in the T-cell response (36, 64) . However, despite its closer relationship to the UL82/UL83 proteins, M84 was not detected in virions (43) . Given the high degree of conservation between other HCMV and MCMV DNA replication proteins, it is surprising that MCMV encodes no obvious homolog of UL84. This could reflect functional differences between MCMV and HCMV, for example, in the origin of DNA replication. Nonetheless, several interesting questions remain regarding the functions of the DURPs in this region of the genome of the nonprimate cytomegaloviruses, only some of which appear to have sequence counterparts of UL84, and the identities of the DNA synthesis initiator proteins for these viruses. Unfortunately, insufficient data are available to facilitate functional comparisons with the corresponding HHV-6 and HHV-7 genes.
Very little information is available on the DURPs other than those in the UL82/UL83/UL84 group. HCMV UL31 is not essential for growth in cell culture (24, 94) and, although the HCMV protein was not detected in virions, its MCMV ortholog was (43, 88) . As far as expression kinetics are concerned, the DURPs that have been examined are early or late lytic cycle genes, compatible with their proposed connections to nucleotide metabolism, DNA synthesis, gene regulation, or virion structure (13, 17, 39, 44, 50, 79) . HHV-7 U10 (the UL31 ortholog) is unusual in being transcribed under immediateearly conditions (59) . EBV LF1 and LF2 (the ORF10 and ORF11 orthologs) are not required for growth in cell culture, since they lie in a region absent from the B95-8 strain (68) . MuHV-4 ORF10 and ORF11 are also not essential, and the latter encodes a virion component (6, 62) . The HHV-8 ORF11 protein has been reported to be present in virions (95) .
In conclusion, despite our presently limited knowledge of the roles of members of the DURP family, it is clear that these proteins exhibit wide differences with regard to their functions, presence in the virion, kinetics of expression, requirement for growth in cell culture, immunological properties, and effects on the host cell. The discovery that they have evolved from an ancestral herpesvirus gene and share predicted structural properties should serve to focus further functional characterization of this large family of related proteins.
